The atomic force microscope (AFM) empowers research into nanoscale structural and functional material properties. Recently, the scope of application has broadened with the arrival of conductance tomography, a technique for mapping current in three-dimensions in electronic devices by gradually removing sample material with the scanning probe. This technique has been valuable in studying resistance switching memories and solar cells, although its broader use has been hindered by a lack of understanding of its reliability and practicality. Implementation can be preclusive, owing to difficulties in characterizing tip-sample interactions and accounting for probe degradation, both of which are crucial factors in process efficacy. This work follows the existing conductance tomography literature, presenting an insight into the repeatability and reliability of the material removal processes. The consistency of processes on a hard oxide and a softer metal are investigated, to understand the critical differences in etching behavior that might affect tomography measurements on heterostructures. Individual probe behavior stabilizes following a wearing-in stage and etching processes are consistent between probes, in particular on oxide. However, process inconsistency increases with applied force on metal. The effects of scan angle, tip speed and feedback gain are therefore explored and their tuning found to improve the spatial consistency of material removal. With these findings, we aim to present a critical study of the implementation of tomography with the AFM in order to contribute to its methodological development.
INTRODUCTION
The atomic force microscope (AFM) is a powerful tool, enabling high resolution imaging of a wide variety of surfaces (Yang et al., 1994; Ikai, 1996; Lanza et al., 2017) . In addition, a range of operational modes are available for mapping information on surface mechanics (Bruker Nano Surfaces, 2018) and chemistry (García and Perez, 2002) , as well as other properties such as conductivity (Pan et al., 2017) . Thus, with the advancement of micro-and nanoscale technologies, AFM has offered significant insight in materials research (Gerber and Lang, 2006; Hui and Lanza, 2019) . For example, conducive AFM has been of particular importance in such fields as resistance switching memories (Brivio et al., 2014; Lanza, 2014; Bousoulas et al., 2015; and energy harvesting, storage and generation systems Tennyson et al., 2017) , and the investigation of broader functional material properties such as charge trapping (Porti et al., 2005; Polspoel and Vandervorst, 2007) , leakage (Lanza et al., 2012; Pirrotta et al., 2013) , breakdown (O'Shea et al., 1995) , and reliability (Porti et al., 2007) .
AFM may also be used to fabricate nanoscale structures using techniques often referred to, with or without the prefix "tip-based, " (Kawasegi et al., 2006; Bourne et al., 2010; Ren et al., 2016) or "nano, " as lithography (Ogino et al., 2008) , machining (Yan et al., 2015) , manufacturing (Fang et al., 2017) , or scratching (Huang et al., 2011) . Typically, patterns are fabricated either by applying a high normal loading force to the surface to remove material or by using an electrical bias to inject or collect current and so induce material restructuring (i.e., by local anodic oxidation) (Xie et al., 2006; Garcia et al., 2014) . Structures produced may be sub-10 nm (Rolandi et al., 2002) , such as nanodot (Yan et al., 2015) and quantum dot arrays (Ogino et al., 2008) , and channels for use in solar cells and nanochannels for fluidics (Geng et al., 2013) .
Recently, conductive AFM has been combined with nanomachining in order to perform conductance tomography, mapping electrical current as material is worn from the sample (Buckwell et al., 2015a; Celano and Vandervorst, 2017) . Whereas nanofabrication requires high loading forces to rapidly machine structures, material must be removed more slowly and controllably during tomography, such that a high depth resolution is achieved through films tens to hundreds of nanometers thick (Celano et al., 2018) . As such, relatively low loading forces are employed, typically in the range of a few micronewtons using boron-doped diamond probes. This technique is attractive in studying the structure and function of nanoscale devices with spatially inhomogeneous conductive properties. For example, we, and others, have successfully revealed the structure of conductive filaments in resistance switching devices (Celano et al., 2014; Buckwell et al., 2016; Hammock, 2017) and the technique has also been applied to map charge conduction pathways in solar cells (Luria et al., 2016) and nanofabricated insulating structures in organic electronics (Kamaludin et al., 2018) . However, little work has been done to assess the material processing involved and we note that the methodology has yet to proliferate significantly, despite the successful and interesting work in the literature. This leads us to consider that studies of reliability and practicality would be useful contributions to building experimental frameworks for performing tomography.
It is generally assumed that the apices of the diamond-tipped probes used in AFM tomography and lithography do not change significantly during etching because diamond is extremely hard. However, boron doping has been shown to reduce the hardness and increase the wear rate of diamond (Buijnsters et al., 2016) . This effect is more pronounced at heavier doping levels, such as would be required to produce highly conductive diamond AFM probes. Therefore, it is reasonable to expect such probes to be susceptible to wear during etching. Measurable probe damage has previously been reported, implying that the apex geometry will change over time (Khurshudov et al., 1996; Chen et al., 2018) . Wear has previously been noted as a result of etching crystalline silicon at 60 µN (Khurshudov et al., 1996) and severe blunting of a diamond-coated probe has been demonstrated following the application of 100 µN to a dichromium nitride film (Huang et al., 2012) . Conversely, we are unable to find detailed reports of wear resulting from etching oxides and metals, or the practical implications for tomography measurements made using at least an order of magnitude lower applied force. Furthermore, it is significant that oxygen can induce amorphization of diamond, leading to wear (Peguiron et al., 2016) . Oxides necessarily contain oxygen, and many materials will at least contain some trace oxygen, so this wear process might be typical of tomography. Some samples have also been reported to undergo morphological changes (Chen et al., 2018) . Thus, both the sample and probe might change during measurements; it is crucial to better understand these effects in order to develop the technique and broaden its application.
As conductance tomography is not fully understood and we are yet to discern the limits of its implementation, it is important to briefly discuss its merit in comparison to alternative nanoscale probing techniques. The major strengths of performing tomography with a conductive AFM are the field of view, spatial resolution, and conductivity contrast. Typically, nanoscale features within thin films are studied using crosssectional transmission electron microscopy. This offers excellent resolution, but sample preparation can be difficult if the exact location of the feature(s) of interest is not known. In addition, the imaging contrast can be poor if the composition of these features is not sufficiently distinct from the surrounding material (Duchamp et al., 2016) . This contrast challenge is also true of some high-resolution techniques, such as x-ray tomography or phase contrast imaging. Using conductive AFM, we can study a large surface area to find the region of interest and subsequently zoom in to study the feature(s). We may readily resolve features whose conductive properties vary from their surroundings, even if their composition does not. For example, we have revealed the structure of conductive regions in thin silicon suboxide films, wherein the contrast results from small variations in stoichiometry and density (Buckwell et al., 2015a; . These advantages have been further demonstrated in visualizing photocurrent in a solar cell under illumination, in which 20 nm spatial resolution is achieved over tens of micrometers (Luria et al., 2016) . Thus, conductance tomography is a valuable technique for spatially studying electrical changes in devices.
In this work, we look at processing consistency and variation when etching nominally hard and soft samples with diamondtipped probes. To this end, we chose silicon-rich silicon oxide, SiO x , and gold as representative materials that might be found in electronic device heterostructures (Yao et al., 2012; Mehonic and Kenyon, 2016; Mehonic et al., , 2018 Munde et al., 2017; Ng et al., 2018) . We study the repeatability of processes with a single probe and between different probes. Additionally, we investigate the differences in processing between SiO x and gold. Given that many devices have neighboring layers (Celano et al., 2014; Mehonic et al., 2017) or embedded structures (Schulze et al., 2012; Stan et al., 2016) whose mechanical properties might vary significantly, it is critical to understand how a tomography measurement might progress through multiple materials. We therefore study the roughness of the trench that we etch, in order to assess whether the base of the sampling volume would be sufficiently smooth to gather accurate tomography information. Furthermore, we use scanning electron microscopy (SEM) to assess the condition of probes that have been used in etching processes. Thus, we are able to some degree to assess probe degradation. The aim of this work is not to present a comprehensive and definitive characterization and model for tomography processes. Rather, we draw together our observations from a variety of measurements in order to critique the reliability of the method. Thus, we hope to contribute to the development of AFM tomography and facilitate its further use as a materials research tool.
MATERIALS AND METHODS
Samples were fabricated on a silicon wafer topped by 1 µm of thermally grown SiO 2 . Firstly, 200 nm of molybdenum was deposited by sputtering. Subsequently, 40 nm of SiO x was deposited by reactive sputtering. Hundred nanometer gold was then deposited by electron beam evaporation, with 5 nm titanium used as an adhesion layer. A shadow mask was used to produce squares of metal on the SiO x , with sizes from 200 µm × 200 µm to 800 µm × 800 µm. Thus, both SiO x and gold layers were available for etching processes on the same sample. Our layers had roughnesses around 1 and 1.3 nm for SiO x and gold, respectively. AFM measurements were made with a Bruker Icon microscope using Bruker Nanoscope software, DDESP-V2 probes (diamond-coated, Bruker) and SSRM-DIA probes (full-diamond, IMEC). The normal force applied by the probe was estimated from the deflection sensitivity using Hooke's law (Palacio and Bhushan, 2010) , corrected to account for the cantilever tilt (Ohler, 2007) , where the spring constant, k, was determined according to:
where k n and f n are the nominal spring constant and resonant frequency of the probe as quoted by the manufacturer and f is its measured resonant frequency (Sarid, 1991) . For consistency, we applied no voltage between the sample and the scanning probe and we used gain settings that were wellsuited for imaging measurements during all etching processes, except where stated. 2 µm × 2 µm scans used 256 scan lines, for a feed (separation between scan lines) of 7.8 nm. 5 µm × 5 µm scans used 512 scan lines, for a feed of 9.8 nm. Note that we did not investigate the effect of feed as it has been studied previously (Fang et al., 2006; Guo et al., 2017; Celano et al., 2018) . Our feeds were chosen for a favorable compromise between spatial resolution, material removal rate (removing sufficient material to profile through the sample in a reasonable time) and trench smoothness. We chose a desirable spatial resolution to be a pixel size below 10 nm × 10 nm, based on the size of details in the conductive features we have previously observed with this method (Buckwell et al., 2015a) . Trench smoothness corresponds to minimizing the depth of grooves parallel to the fast scan axis of the probe. For clarity, this axis is parallel to the trace/retrace movement of the probe. The scan angle is defined as the angle between fast scan axis and the long axis of the cantilever. Thus, scanning or etching at 90 • indicates that the trace/retrace movement is perpendicular to the long axis of the cantilever. Etching was performed at 90 • with a scan rate of 1 Hz (i.e., a tip speed of 4 µms −1 for a 2 µm × 2 µm scan area) unless otherwise stated.
Except where discussed, etching processes were set up by firstly contacting the sample surface with a low applied force and then pausing the probe movement at one or other end of the slow scan axis. The deflection setpoint was then increased to reach the desired applied force and the probe movement resumed to begin etching. We define an etching pass as a scan over the sampling area with sufficient applied force to cause material removal. That is, three etching passes corresponds to consecutively scanning the same sampling area three times with a high loading force. Following the final etching pass, scanning was paused and the setpoint reduced to apply a low force, suitable for imaging. The scan size was then increased and the scan angle rotated by 90 • to take an image of the etched trench.
All data were processed using Nanoscope Analysis. For each etching process, the depth was quantified from the larger area image of the etched trench. The data were leveled and the step height function used to measure the mean height difference between the non-etched areas at the edges of the image and the base of the trench. The sloped edges of the trench were avoided, as were any large pieces of debris that might affect the measurement. In this work we discuss the trench roughness with respect to the initial surface roughness, unless otherwise stated. This roughness change as a result of etching was quantified by measuring the roughness difference between the base of the trench and the non-etched areas surrounding it. Thus, negative values constitute smoothing and positive values roughening. In all cases we discuss the root-mean-square roughness. The trench roughness, rather than the roughness change, was used as the error on the etch depth. The standard deviation of the roughness, measured on four non-etched areas surrounding the trench, was used as the error on the roughness change. We note here that the error bars on the roughness change are often too small to observe. Where we have fitted data we quote the coefficient of determination, R 2 , as a measure of the goodness of fit.
SEM images were taken using Zeiss XB-1540 CrossBeam field instrument. The acceleration voltage used for imaging varied between 3 and 10 kV. Unless otherwise stated as top-down images, probes were tilted at 45 • to image their apices and the images height-corrected to account for this. Our estimates of the radius of curvature, r, may therefore suffer from inaccuracies due to the viewing angle, though we only intend them as a qualitative measure.
RESULTS AND DISCUSSION

Process Consistency for Single Probes
Repeatability and the effect of probe condition are principal concerns for tomography processes, thus we sought to determine the consistency of etching behavior with individual diamondcoated and full-diamond probes. We performed sequences comprising twelve sets of three etching passes on 2 µm × 2 µm areas of SiO x , each set at a fresh location. We additionally studied the changes in performance over time at low and high forces. Using the same pair of setpoints for each probe, alternating between locations, the diamond-coated probe forces were 2.1 and 6.4 µN and the full-diamond probe forces 0.5 and 1.5 µN. Notably, the pair of forces used with the full-diamond probe are both lower, so we would expect smaller etch depths and less pronounced, if any, wear.
In Figure 1 , we observe that the etch depth for the diamondcoated probe decreases slightly over the first three locations. Following this, both high and low forces consistently etch around 90% of their initial depth. Conversely, for the full-diamond probe the depth increases for the first three locations before becoming steady at around 120% of the initial value at both forces. For both probes, in particular for the higher force scans, the roughness of the etched trench decreases as the probe is used more (i.e., a more negative roughness change), becoming steadier with time. Notably, the error bars are quite large at up to around ±1 nm, particularly in comparison to the etch depth at lower force. The SiO x has an initial roughness of around 1 nm, so the error values reflect this starting value, reduced by the probe smoothing the trench.
Stabilization of etching behavior (i.e., the etch rate) has previously been related to wear of a fresh probe apex during the first stages of etching (Huang et al., 2012) . It is likely that fragile asperities, initially dominating the tip-sample contact, are removed, exposing more robust material (Arda Gozen and Burak Ozdoganlar, 2014) . Thus, the probe condition stabilizes. Alternatively, instrumental relaxation over time might produce a gradual drift; we noted a 2% decrease in the deflection sensitivity following etching, which would reduce the force applied for a steady setpoint voltage by the same proportion. Other than this, in this work we noted no significant deviations in the cantilever resonant frequency or deflection sensitivity. Figures 2A,B show SEM images of an unused diamondcoated probe and the probe used for the processes shown in Figure 1 . There is a small amount of debris around the tip but the apex is still visible. Interestingly, the used probe in Figure 2B is sharper (i.e., it has a smaller radius of curvature, r) than the new probe in Figure 2A . However, it should be noted that we observed variability in the sharpness of new probes, with r from around 120 to 165 nm (Supplementary Figure 1) . Generally, though, new probes demonstrate the presence of multiple grains at the apex. The apex of the probe in Figure 2B shows a reduction in the presence of grainy features compared to the probe in Figure 2A . We suppose that sharp apices of grains initially present have been worn away, leaving a smoother apex, though it is not significantly blunted. This would be expected given the stabilization of the etch rate, as discussed above. Thus, etching behavior might change as the tip-sample contact area increases; for the same applied force the pressure will be lower. The increasing smoothing of the etched area over time shown in Figures 1C,D also supports this; a slightly blunted probe with a larger sample contact area should produce wider, shallower grooves.
The contrasting behavior between the probe types is interesting. It is straightforward to consider that a probe might remove material less effectively as the apex is worn. However, it is less clear how the etch rate of a probe might increase with use, as in the case of the full-diamond probe. Changes in etch rate have previously been observed for used full-diamond probes, attributed to particle attachment and detachment at the apex FIGURE 1 | The effect of probe history on the consistency of etching processes on SiO x . (A,B) Etch depths at each location for the diamond-coated (DDESP) and full-diamond (SSRM) probes, respectively. The etch depth initially decreases for the diamond-coated probe, whereas it increases for the full-diamond probe. (C,D) Trench roughness change for the diamond-coated and full-diamond probes, respectively. The trenches become smoother with probe use.
Frontiers in Materials | www.frontiersin.orgFIGURE 2 | SEM images of unused and used diamond-tipped probes, taken following the processes in Figure 1 . (A,B) New and used diamond-coated probes, respectively. The new probe has a radius of curvature, r, around 165 nm, highlighted by the dashed circle. Debris has accumulated on the tip of the used probe, though the apex is not obscured. It also appears blunted, with less well-defined grains, although it is sharper (i.e., has a lower r) than the new probe. (C,D) New and used full-diamond probes, respectively. Initially, the full-diamond probe is sharper than the diamond-coated probe; r is difficult to determine from the image, though we have estimated it to be 20 nm. Following use, the apex appears obscured by debris, so it is difficult to discern whether it is blunt. Inset-top-down view of the probe in (D); the apex is entirely obscured by debris. Note that for both probe types the unused probes are representative and are not the same probes used for etching processes.
during etching (Chen et al., 2018) . As shown in Figures 2B,D , debris accumulated at the apex probes during etching, so particle attachment certainly seems possible. However, the apex appears obscured in Figure 2D , yet we observed an increasing etch rate. Thus, we suppose that loose particles might attach to the apex prior to etching, subsequently detaching and so affecting the probe sharpness and therefore the etch rate. Debris might also accumulate as the probe is retracted from the sample; it is not possible to know the condition of the apex during etching as this necessarily means the tip and sample lose contact, allowing particulates to adhere to the probe. An alternative suggestion to particle attachment/detachment is that apex wear could produce a sharper or more optimal etching geometry, particularly as we observe a gradual increase in etch rate rather than an abrupt change that might correspond to discrete particle detachment. A report on the wear of a diamond probe over time revealed apex changes that could indicate a slight sharpening (Khurshudov et al., 1996) . Therefore, we surmise that although the fulldiamond probe is initially very sharp, as shown in Figure 2C , gradual wear results in an apex that more effectively removes sample material. As such, there is likely an optimum trade-off between sharpness and bluntness to maximize material removal and trench smoothing. Another possible cause of variations in etching behavior is cantilever damage, if the force applied by the probe causes either the cantilever or its reflective coating to crack. We therefore performed SEM on the backs of unused and used diamond-probes but detected no evidence of damage.
Further observations of the wear-in process are shown in Figures 3A,B . Here, a single probe is used to etch 2 µm × 2 µm areas at a range of forces. At each force, a single etching pass is made at one location, followed by a set of six passes at a new location (i.e., cycling between Figures 3A,B) . The first processes are performed at around 6 µN, producing the deepest trenches. Subsequently, the force is increased from just below 1 µN to around 10 µN, producing a linear trend, even above 6 µN. This might indicate that the probe is worn-in during the first processes, producing a more robust apex that is less affected by wear, even at higher forces, though it removes material less effectively. We suggest here that measureable probe wear might occur at a threshold force; we suppose this is below 6 µN on SiO x , as the most distinct changes observed in etching follow the application of 6 µN, as shown in Figures 1, 3 . Finally, we note that we are able to remove greater than or less than 1 nm depth of material per etching pass, depending on the applied force.
We repeated our measurements of probe history and etching consistency with a diamond-coated probe on the gold film. Here, we alternated between applied forces of around 1.6 and 4.7 µN, again making three etching passes at each location. The results, shown in Figures 4A,B , do not demonstrate the decrease and subsequent plateau in etch depth observed on SiO x in Figure 1 . Rather, the etch depths at both applied forces fluctuate more between points. The lack of a significant change in the etching behavior suggests that the process does not affect the probe significantly. This is supported by the SEM image in Figure 4C , FIGURE 3 | Wear-in process for diamond-coated probe on 2 µm × 2 µm areas of SiO x . (A,B) Etch depth for single and sets of six etching passes, respectively. At each force, firstly a single pass was made at one location, followed by a set of six passes at a new location (i.e., cycling between A,B). In each case, the first data point (orange circles) produces the deepest trench. Subsequently, measurements were made with increasing force from around 1 to 10 µN, producing a linear trend.
which indicates that grains are still present at the apex, where r is relatively small for a diamond-coated probe, around 100 nm (the smallest we observed in this work was 69 nm, as shown in Supplementary Figure 1) . Thus, we surmise that apex wear, corresponding to removal of prominent grain apices, is less pronounced on gold than on SiO x .
The fluctuations between data points in Figures 4A,B suggest greater etch depth and roughness variability on gold compared to SiO x . Interestingly, both forces cause a roughening effect, indicated by large error bars and positive roughness changes. To better understand the differences between processes on gold and SiO x , we looked at the topography of the etched trenches. In Figure 4D we show a typical trench produced by diamondcoated and full-diamond probes on SiO x , in which the base of the trench is quite flat and smooth, with little debris present. This is in contrast to the trenches on the gold film shown in Figures 4E,F . Here, we observe wavy topography with a large quantity of neighboring debris. The waviness of the gold trenches is most pronounced in Figure 4F , where there is a 60 nm depression in the upper half, with the lower half only around 10 nm below the surroundings. The significant roughness of the gold trenches likely results from such height variations and is undesirable for AFM tomography, as the sampling area is not planar. For example, if conductive AFM is used to sample current during tomography, the current mapping might be severely convoluted with the topography; we also seek to address this problem.
We used two fresh, diamond-coated probes to etch SiO x and gold in order to determine the trench depth and roughness correlation with the number of etching passes. For the SiO x , we wanted to minimize probe wear while removing significant material. Hence we applied 4.4 µN, as this was intermediate between the forces used for the DDESP probe in Figure 1 and below our suggested 6 µN wear threshold discussed following Figure 3 . For the gold, we sought to minimize the roughening effect. Therefore, we applied 1.5 µN, just below the 1.6 µN applied in Figures 4B,C that appeared to produce relatively smoother trenches. We additionally hoped that increasing the number of passes might increase the smoothing of both samples. Figure 5A demonstrates that the etch depth increases linearly with the number of passes for both samples. The slope of the SiO x is steeper, though this may be because greater force was applied. Interestingly, the y-intercept in each case would be >0 nm, particularly for SiO x . Thus, there is some finite minimum material removal effect; we suppose there might be some mechanical compression when etching that is most pronounced during the first pass. Notably, if we consider the variation in etch rate with the number of passes we would observe a rapid decrease in rate at low pass number, as shown in Figure 5B . This surface effect highlights the intrinsic interplay between material deformation and removal resulting from contact attrition during etching (Piétrement and Troyon, 2001; Celano et al., 2018) . In any case, we question the use of material removal rates in etching, unless they are corrected in some way to account for this surface effect. In addition, probe wear might also cause the rate to change over time.
The roughness change data in Figure 5A demonstrates a wellfitted linear trend for gold, becoming increasingly rough with the number of passes and thus with depth. This is also illustrated by the increasingly broad etch depth error bars on gold. The inset of Figure 5A demonstrates the severe conflation of the depth with roughness for the data point at 15 passes on gold. Here, the deepest part of the trench is around 10 nm, deeper than a comparable number of passes would produce at a greater force on the SiO x , but the rest of the trench is only a few nanometers deep. Evidently, roughening is a significant issue when etching gold, despite using a relatively low force and multiple passes in an attempt to smooth the trench. It is interesting that the gold data fit well with linear trends; roughening appears to scale with the number of passes. Conversely, the SiO x trenches are consistently smoothed by around 0.5 nm, although the data is poorly fitted by a linear trend. We suppose that there is a minimum roughness that is reached during etching, in this case around 0.5 nm, and the data are noisy around this value.
We finally comment on the observation in Figure 5A that all data points, aside from the SiO x roughness change, fit well with the linear trends. We surmise that this is because we applied forces lower than those observed to cause wear; if wear were occurring, we would expect the trend to be sub-linear. Thus, it appears that we were able to maintain the ability of a probe to remove material by not exceeding an applied force threshold. In fact, the apex of the probe used to etch the SiO x retained a grainy appearance, suggesting that little wear occurred. Interestingly, when studying the apices of probes following hundreds of millimeters of travel on SiO x at applied forces up to 20 µN, we observe that probes remain relatively sharp (Supplementary Figure 1) . There is a large degree of debris accumulation, though this is to be expected for very large travel distances because more material is removed. However, the lack of significant blunting supports the supposition that the most pronounced probe wear occurs during the early stages of etching.
Process Consistency Between Multiple Probes
To further study process consistency and the issue of roughening the gold film, we compared processing between probes. We etched 2 µm × 2 µm areas at a range of applied forces on SiO x and gold, using three different probes on each sample (six individual probes in total). At each force, we made a single etching pass at one location and a set of six at another. We did this in order to determine the extent of the surface effect and finite minimum material removal of a single pass in comparison to multiple passes.
The aggregated trench depth data are shown in Figures 6A,B (depth and roughness for each probe are shown in Supplementary Figures 2, 3 ; note that we have removed two outlying data points, as discussed in the Supplementary Material). The SiO x data in Figure 6A are best fit with a linear function for both single and sets of six etching passes. In each case, greater forces produce deeper trenches. The etch depth is greater for sets of six passes than for a single pass, though only by a few nanometers. Thus, the first pass at each location again appears to produce the greatest degree of material removal. Interestingly, the data in Figure 6B for six passes on gold are best fit with an exponential function, whereas single passes best fit a linear trend, although we note that the R 2 value is comparatively low. Otherwise, for both materials the etch depth is quite consistent between probes, as demonstrated by the R 2 values of around 0.9. Interestingly, there is little difference between the etch depths on gold for single and sets of six passes until around 3 µN, where the variation between probes increases greatly. In particular, the data for six passes above around 3.5 µN deviates greatly from the fitted curve. This might imply that the etch depth on gold becomes increasingly unpredictable with applied force. We also note that the trench roughness is minimized around 2 µN on gold (Supplementary Figure 3) , subsequently increasing rapidly with the applied force. Finally, following also our observations on Figure 5 , it appears that neither increasing the number of passes nor the applied force alleviates gold roughening. The distinctly different etching trends between SiO x and gold likely indicate differences in the tip-sample contact mechanics and material removal regimes for each sample. In the case of gold, there is also a dependency on the number of etching passes. We note here that our fitting might only be appropriate to the force ranges shown in Figure 6 ; in particular for gold, we observed non-linearity in the single pas etch depth when more than 5 µN was applied (Supplementary Figure 4) . Figures 6C-F show SEM images of some of the probes used in the etching processes of Figures 6A,B . We observe here that the probes used on SiO x show more debris accumulation than those used on gold. We also note this in Figures 2-4 (and Supplementary Figures 1, 4, 5, 7) , with the trenches etched in gold showing more debris than those in SiO x ; we suppose that the SiO x debris adheres to the probes and the gold debris to the trench edges.
To better understand the contrast in etching behavior between SiO x and gold, we looked at the tip-sample contact mechanics. We measured the adhesion force, deformation and energy dissipation from force-distance spectra (Bruker Nano Surfaces, 2018). All measured values are shown in Table 1 . We note that the energy dissipation values are unexpectedly large, which we attribute our tip apex not being ideally hemispherical and the presence of an ambient water meniscus. However, the values in Table 1 clearly highlight qualitative differences in the interaction of the diamond probe with each sample. Firstly, the gold adheres to the probe with a greater force than does the SiO x . Secondly, the gold deforms to a greater extent under the tip, dissipating more of the energy stored by the bending cantilever. Thus, we have a clear contrast in behavior between hard and soft materials under applied forces from hard probes.
In consideration of the properties of Table 1 in relation to the fits in Figures 6A,B , we now endeavor to build a theoretical understanding of the tip-sample interaction during etching. We assume here that material removal results either from friction or shear strength-induced plastic flow between the two sliding contacts (Wang et al., 2012; Yang et al., 2016) , or an atomistic, stress-assisted chemical process (Jacobs and Carpick, 2013) .
On hard materials, such as SiO x , for etch depths that are much smaller than r, the depth has been observed to depend linearly on the applied force (Wang et al., 2011) , which is in agreement with our observations in this work. Further simulations and experiments have attributed this to a linear increase in friction with applied force, as the real contact area increases (Piétrement and Troyon, 2001; Mo et al., 2009 ). This can be considered a multi-asperity interaction (Mo et al., 2009) ; the probe will make contact with sample nanoasperities of a few to tens of (C) . Some debris appears to have accumulated near each apex. The apex is obscured in (D), making it difficult to discern whether the larger (dashed white circle) or smaller (dashed orange circle) highlighted area corresponds to the true apex. Inset-top-down view of the apex in (D). It appears that the larger r likely describes the apex, but with multiple central protrusions present. (E,F) Two probes following etching on gold. Little debris is present and the apex in (E) appears to have less well-defined grains than an unused probe, so we suppose that wear occurs on both hard and soft samples, though more gradually for the latter.
nanometers diameter (Buckwell et al., 2015b) , creating a high contact roughness with very high pressure, of the order of tens of GPa, at each contact point. This seems appropriate to our etching processes, given that we observe multiple grains at the apices of diamond-coated probes and a sample surface with nanoscale roughness. Although the probe and sample are both hard, silica behaves in a ductile fashion at the nanoscale (Pradeep et al., 2007) . Thus, at low applied forces the contact roughness enables plastic material removal with little compression. In fact, the apparent non-zero y-intercept in Figure 6A suggests that sample wear should occur even when no force is applied. This is likely due to the relatively small adhesion force between the tip and sample (Yang et al., 2016) , which might induce a jump-to-contact and the onset of a repulsive wear regime as contact is made (Landman et al., 1990) .
As the force applied to the SiO x is increased, there is some compression of nanoasperities, linearly increasing the real tip-sample contact area and therefore the friction. Thus, plastic material removal increases linearly with the applied force. Although we operated in ambient conditions, this multiasperity behavior should occur even in the presence of a water meniscus because the contact roughness is maintained (Piétrement and Troyon, 2001 ). Here, we note a discrepancy between our observations and those in the literature. We only observe a single linear regime when etching our SiO x sample, whereas linear sliding and combined plowing and sliding regimes have been observed when etching semiconductors with full-diamond probes (Celano et al., 2018) . We suppose this difference might occur because our diamond-coated probes are less sharp than full-diamond probes, thus we assume multirather than single-asperity contact behavior. Additionally, SiO x is an oxide and so might reasonably demonstrate different wear properties to elemental or alloyed semiconductors that are nominally oxygen-free. For the softer gold sample, we observe two regimes. For a single etching pass, the etch depth increases linearly with applied force. We attribute this to plastic deformation of surface nanoasperities during the first pass, given the high deformation and energy dissipation values for gold in Table 1 . This appears to agree with our observation that the gold surface is smoothed at lower forces (Supplementary Figure 3) . Conversely, for sets of six passes, the etch depth increases exponentially, although there is little difference in depth between the data sets until around 2 µN, when the roughness also starts to increase. Additionally, as we observed in Figure 5 , even at low forces the smoothing effect disappears as more etching passes are made.
The softness of the gold sample suggests that tip-sample contact may be classed as single-asperity because sample nanoasperities would readily conform to the probe apex geometry (Piétrement and Troyon, 2001) . In this case, once the surface roughness has been smoothed, the contact pressure will decrease to below 1 MPa. In this regime, wear is an atomic process, with an exponential dependence on the applied force (Yang et al., 2016) , which is what we observe. We therefore reason that, following an initial smoothing at low applied forces or for single passes, the gold behaves in a liquid-like manner (Merkle and Marks, 2008; Aghababaei et al., 2016) , readily deforming as atomic wear progresses. In addition, the applied force might create a pile-up of material around the probe (Li et al., 2016) . In combination, as the applied force and number of passes is increased, these effects produce deep depressions in the gold film but also significantly increase its roughness. Thus, we observe the etch depth and trench roughness to increase rapidly at forces greater than around 3.5 µN. In fact, this might be indicative of a ductile failure mode of our gold sample (Moore and Booth, 2015) . Ultimately, this would suggest that the layer must be loaded beyond its tensile strength in order to remove material. This might imply an inherent challenge to performing tomography on ductile materials.
For each of our samples in this work, etching processes appear consistent for a single probe and between probes. However, the contrast between hard and soft samples at higher applied forces suggests that, in order to remove a useful volume of material (i.e., to perform tomography through films tens to hundreds of nanometers thick) more reliable predictions of trench depth and roughness might be made for harder materials. In addition, we must consider this effect for device heterostructures composed of adjacent metal and semiconductor layers; if we apply a relatively high force to readily etch a metal layer, then the depth resolution of the measurement in the semiconductor layer will be reduced because material will be removed more quickly. This is of course compounded by the roughening effect we observe on the gold film; the metal trench topography might impact the etching or data mapping upon reaching the interface with a harder material, such as an oxide.
Improvements to the Scan Protocol
To determine whether we might be able to better control or improve the removal of material from the gold film, we looked at the effect of scan angle, tip speed and gain. We firstly noted that etching slowly at 90 • produced deeper, relatively smoother trenches than at 0 • , as shown in Figure 7 . This is reasonable, given the torsional and lateral stiffness of a rectangular microcantilever are significantly greater than the bending stiffness (Fang et al., 2000; Bhushan and Marti, 2017) ; as the probe moves across the sampling area, it will maintain a more consistent, higher contact force, and thus frictional force, the less the cantilever bends in any mode. When scanning at 90 • , susceptibility to normal bending is minimized and so this scan angle produces a deeper trench than 0 • . However, neither scan angle reduced the roughening effect. The plots in Figure 7 also seem to indicate that slower scans produce deeper trenches, though the data is inconsistent between the scan angles and speeds. This might be an effect of applying forces >2 µN, as the etch depth and roughness rapidly and unpredictably increase, as observed in Figure 6 .
We next looked at the effect of tip speed and the number of etching passes on etch depth and roughness over 2 µm × 2 µm sampling areas. To try and maximize etch depth and minimize roughening, we scanned at 90 • with an applied force of around 1.4 µN. The data are shown in Figure 8 . We observe that deeper, smoother trenches are produced at lower tip speeds; applying a force below 2 µN might result in a clearer trend here than that observed in Figure 7 . This effect increases linearly with the number of passes, similarly to that in Figure 5 . We again note the large error bars on the etch depth, particularly at the highest speed, highlighting the roughening effect. As mentioned in the previous section, nanoscale material removal between sliding contacts results from friction. The coefficient of friction between the probe and sample has been observed to decrease as the tip speed is increased (Huang et al., 2011) , thus it follows that greater speeds produce shallower trenches. For completeness, we also looked at the probe following these processes (Supplementary Figure 5) . The apex was still sharp and clear of debris, with grain detail present. Thus, it appears that the tip speed and large travel distance did not cause significant damage, if any, at the relatively low applied force.
The roughening of the sample is not small in comparison to the depth at any tip speed or scan angle. This is illustrated well in Figure 8C , where the trench corresponding to 39 passes at 4 µms −1 is shown. There is a clear wave-like pattern perpendicular to the fast scan axis; evidently, the base of the trench is not level and some regions extend tens of nanometers above the surrounding material. However, roughly the same depth is reached for 33 passes at 12 µms −1 , which corresponds to the roughest trench produced in this set of processes, as shown in Figures 8D,E . Thus, although etching at 90 • with a low tip speed and applied force demonstrates some efficacy in reducing gold roughening, the roughness is always significant relative to the trench depth.
To determine whether instrumental gain affected the gold roughening process, we performed two sets of measurements on 2 µm × 2 µm areas at 1.2 µN, varying the number of etching passes. In one set, we employed typical imaging gain settings as used throughout the work presented here. In the other, we turned the integral and proportional gains to zero, effectively switching off the instrumental feedback. As we see in Figure 9 this results in deeper, smoother trenches than when the feedback is on. We note that the etch depth is always much greater with the feedback off, though it shows a poorer linear fitting; the R 2 value when the gain is on is 0.93, compared to 0.56 when the gain is off. This suggests that the etch depth might be even less predictable with the gain off on gold than with the gain on, despite the roughening effect being alleviated. It is not immediately clear why this occurs, because the force applied to the sample should be the same regardless of whether the gain is on or off. Step profile across (E), demonstrating that the deepest part of the trench is over 50 nm below the surface, whilst the shallowest part is raised above the surface.
We monitored the AFM photodiode voltage (the raw cantilever deflection signal) and noted that the signal for each pass was lower when the gain was off (Supplementary Figure 6) ; this would correspond to the tip being pressed with greater force into the sample surface. In addition, the signal fluctuated more both within and between passes with the gain off. We surmise that when the deflection setpoint is initially increased to the desired value with the feedback off, the tip is pressed more deeply into surface, as the probe is not retracted to account for the increasing contact force. Following this, the probe scans with little change in height, readily plastically deforming the sample surface and removing material. This ultimately creates a smoother trench, though the depth might be less predictable. Nevertheless, the trench produced is much better suited to tomography.
We also assessed the effect of changes to the process protocol on etching our hard SiO x sample but did not detect a significant effect on either the trench depth or roughness change (Supplementary Figure 7) . The lack of variation in etch depth with tip speed is also consistent with other observations (Tseng et al., 2009; Tseng, 2010; Guo et al., 2017) . This is thought to be due to invariance in the friction above a threshold speed of around 2 µms −1 (Huang et al., 2012) and is consistent with a plastic material removal process rather than atomic attrition at low applied force (Jacobs and Carpick, 2013) . Crucially, the trench is always smoother than its surroundings, suggesting that changes to the scan angle, tip speed or gain would still be appropriate for capturing planar tomography information. Thus, if protocol changes were to be made in order to better etch a softer film, we could expect the same parameters to be suitable for etching neighboring, harder layers.
We suppose that the SiO x is not affected as significantly as the gold by changes in the etching protocol due to its relative hardness and lower adhesion to the diamond probe. The latter was particularly evident when the gain was switched off; the probe periodically lost contact with the surface, so it was necessary to switch the gain on briefly to make contact again (Supplementary Figure 6) . The absolute tip height at the chosen deflection setpoint might remain unchanged, such that the shear strength decreases as the surface is worn. Thus, less material would be removed with each consecutive pass. We surmise here that, for both hard and soft samples, the gain might optimally be set low, rather than turned off, in order to ensure surface contact is maintained and shear force induced. We also note that none of the protocol changes appear to have a significant effect on probe wear (Supplementary Figure 7) ; the appearance of the apices of these probes is similar to those observed elsewhere in this work.
We often encountered one final issue when etching SiO x , namely that a narrow edge region of the sampling volume would be rapidly worn. Typically, this was at one or other bound of the fast scan axis, as shown in Figures 10A,B . This resulted in rapid substrate exposure and thus an undesirable sampling area topography. One approach to this issue is to reduce the scan size, to avoid removing further material from the deep edge, as shown in Figures 10C,D. However, though the measurement may thus progress, either the initial scan area must be larger than the desired size or the final sampling area is reduced. This requires additional instrument time. We looked at whether the edging effect resulted from our experimental protocol, as we would initially position a probe at one edge of the scan area, pause its movement and then increase the deflection setpoint to reach the desired force. Etching would therefore begin from an edge, so we instead tried gradually increasing the deflection setpoint at a rate of around 0.2 V per pass while the probe was in motion, starting from one or other bound of the slow scan axis. As can be seen in Figures 10E,F , this significantly reduces the edging effect, producing a much more consistent trench. Notably, reports have previously been made on such a phenomenon, termed sudden loading (Bourne et al., 2010) . Not only is depth inconsistency possible when statically increasing the deflection setpoint to reach the desired force, but there is also a risk of damage to the probe, which would reduce its lifetime. Thus, gradually increasing the force produces a more controlled etch and minimizes probe wear.
GENERAL CONSIDERATIONS AND SUGGESTIONS
We now discuss some final considerations based on our more general observations made during etching measurements, along with a suggested protocol for applying tomography to a new sample material. Here, we hope to provide the reader with a practical foundation for future experimental work, based more directly on our hands-on experience with this technique.
Firstly, one of our aims in this study was to use relatively accessible instrumentation and techniques, in the hope that the results would be generally applicable to other systems. We used only the resonant frequency of the cantilever to estimate its spring constant, as this is a straightforward tapping-mode measurement that should be available on most, if not all, AFM instruments. All measurements were performed in air, as vacuum AFM systems are less common and thus not readily accessible to many research groups. As far as we are aware, there is nothing unique about our microscope and the way in which we operated it is that would prevent our results from being generally applicable; assuming one is able to obtain images of a good quality on their microscope, they should also be able to perform etching measurements without any additional instrumentation (though conductance tomography will of course require a microscope capable of performing conductive AFM).
An important general comment is that our study of fulldiamond probes is notably not as thorough as that of diamondcoated probes, so we are unable to comment definitively on which is better suited for etching processes (i.e., produces more consistent, sustained behavior). Furthermore, variations in the fabrication processes between probes, even of the same nominal type (e.g., diamond-coated or full-diamond) cannot be discounted. For example, the grain size and characteristics of any asperities present at the apex might significantly affect the wear rate and etching behavior of a probe. Diamond-coated probes are also typically much less expensive than full-diamond probes, so this is a further accessibility consideration. However, the diamond-coated probes used in this work performed well, giving consistent trends in etching performance and pronounced wear only in the early stages of etching. Thus, we would favor their use in future measurements, until we are able to more thoroughly study the behavior of full-diamond probes.
A further observation is the effect of instrumental drift over the course of long experiments. In this work, each data point (and so each value for depth and roughness) corresponds to a measurement of up to around 1 h. In fact, a single etching pass generally required between 4 and 5 min to complete. However, we have observed lateral drift in previous work and noted that it can have a non-negligible effect on the conductive AFM current mapping and trench geometry (Buckwell et al., 2015a) . We note that some interesting work has recently been carried out on accounting for drift by comparing topography images captured at different depths during a conductance tomography measurement (Anderson, 2018) . This approach improved the correlation of current mapping with depth, producing a betteraligned conductivity tomogram. In some measurements (not reported here) we have had success with the rather more coarse method of periodically scanning a larger area at an applied force suitable for imaging, then re-aligning the etch with the center of the trench. Of course, this does increase the likelihood of debris adhering to the probe apex.
The above discussion on adjusting the scan area to account for drift extends to an observation on debris accumulation. We note that each data point presented in this work corresponds to a different sample location, suggesting that the trends in etching behavior do not depend strongly on whether the probe maintains contact with the sample or is moved to a new location. However, moving the probe between locations necessarily increases the chance of debris adhering to the apex. Typically, one might suspect debris adherence if significant changes to the topography imaging are observed, such as a pronounced tip artifact (assuming that this is not a result of blunting). In this case, an additional wearing-in or cleaning step might be required in order to restore the etching behavior of the probe. Although we did not find it necessary to clean the probe between any measurements presented herein, in other etching experiments (not reported here) we have found this additional process necessary.
We have not performed a full investigation of our probe cleaning method, but we have noted that using a high contact force to scratch the probe on a ductile material, such as gold, can be effective at removing debris. Typically, we switch off the slow scan axis and scan at 0, 90, and 135 • for tens of micrometers travel distance, repeating the process with increasing force until we either note an improvement in the condition of the probe or determine that it is significantly blunted or otherwise rendered unusable. We often need to apply relatively high forces, sometimes tens of micronewtons, though we reason that the risk of further damage to the probe is offset by the possibility of restoring its usefulness. Using this approach we have observed marked improvements in imaging quality (reduction of tip artifacts and an increase in lateral resolution) and electrical properties (greater stability of current-voltage measurements and more consistent current mapping on conductive materials). Thus, we are sometimes able to improve the lifetime of a used probe.
We recognize that the challenge of smoothly etching gold has implications for tomography of ductile materials. We have discussed the improvements observed when the feedback gain is off, but this approach is also limited. As we note, sometimes the probe loses contact with the sample, thus the gain must either be periodically switched on or the scan performed at low gain. Thus, for long measurements on ductile materials, etching with no gain might not be feasible. Furthermore, when the roughening effect is reduced, the etch rate becomes much less predictable. It is reasonable to caution that this etching technique might be inherently limited in its application to ductile materials. However, there are approaches that we have not explored so far. For example, more extreme speed and force combinations might be effective, such as scanning at <1 µms −1 with tens of micronewtons applied, or tens of µms −1 with less than a micronewton applied. We also suppose that alternating between multiple scan angles or using a blunted probe might help smooth out the roughened region. For heterostructures whose ductile layers are not the region of interest (e.g., thick, homogeneous metal contact pads), such methods might be considered pretreatment steps, wherein the material is thinned, rather than removed. Subsequently, the scan parameters or probe could be changed to remove the remaining material and progress into the layer of interest.
A further consideration for material removal is the combination of conductance tomography with other methods. For example, ion milling or wet etching might be better suited than AFM to removing some materials. Thus, an effective approach to some measurements, particularly for very thick or hard to etch materials, might be to perform a pre-treatment with another technique, before using AFM to study the region or layer of interest. This would also reduce the wear of the probe. It should be noted, however, that care must be taken with any alternative etches that the region of interest is not adversely affected and that the sample does not become more difficult to etch with AFM.
It is reasonable to suggest that a new probe might be tempered for use, in order to stabilize its behavior for better prediction of etch depth, particularly for measurements on heterostructures. For example, by etching briefly at or just above the force that will subsequently be used for tomography. This process likely depends on the sample; harder materials should cause more rapid, pronounced wear. Therefore, we finally combine our observations in order to provide a recommended calibration protocol for researchers interested in carrying out tomography; we stress that this is a generic starting point, such as we might use in our own study of a new sample.
Firstly, initial calibration etches might be made on the hardest material to be sampled during tomography. We suggest starting with a single pass of around a micronewton at a few µms −1 , in order to minimize wear and maintain shear force. We would recommend scanning at 90 • with the feedback gain set suitably for imaging. The etched trench should then be examined in order to determine whether a reasonable depth has been reached (i.e., that some material has been removed, but not so much that the depth resolution of a measurement at this force would be poor). If necessary, the force might be adjusted and the measurement repeated in order to reach an appropriate depth for a single pass; around 1 nm is likely suitable for thin film samples.
With a suitable force selected, a set of etches might be made with an increasing number of passes to determine how rapidly material would be removed over the course of a tomography measurement. Ideally, the depth should depend linearly on the number of passes; this would suggest that no wear is occurring and that the sample material is removed at a consistent rate. If the trend is non-linear then we would suggest repeating these calibration measurements until linearity is achieved, which would indicate that the probe has been worn-in and thus tempered for stable use.
Once the probe has been suitably worn-in, the chosen force should be applied to each material that composes the sample, if applicable. In each case, multiple passes should be performed in order to confirm that sufficient material is removed at the chosen force. Notably, if any material is challenging to etch, then we would recommend firstly reducing the feedback gain and then adjusting the scan speed in order to etch more effectively. If these adjustments are unsuccessful, we would suggest changing the force applied. We note that in the course of these processes it is possible that the probe becomes significantly blunted, particularly if the applied force is increased. As such, multiple probes might be required in order to prepare a full understanding of the necessary scan parameters for a given sample. Thus, in case only a few probes are available, we highlight that it would be a reasonable to compromise between carrying out a full calibration and performing a measurement with a fresh probe after only a basic calibration or no calibration at all.
CONCLUSION
The work we present here contributes to the application of AFM in tomography. Our studies on process consistency and comparisons of etching hard and soft materials provide a better understanding of the practicability of this technique. We have shown that probes produce reasonably consistent results with repeated use, although there is a wearing-in process that must be accounted for. Correspondingly, the diamond coating grains of probe apices are observably worn by etching, in particular on the harder sample, for which the wear is concentrated to the wearing-in process. We suppose, also, that continued, more gradual wear occurs.
Importantly, we have not studied here the effect of probe wear on the acquisition of other AFM data types, such as current when operating in conductive mode. Although an increasingly stable apex might be desirable for material removal, gradual changes in its shape and size would surely have a significant impact on other tip-sample interactions, such as the electrical contact area.
Etching processes are consistent between different probes of the same type, demonstrating that there is some predictability to the method. This was particularly true of our SiO x sample. However, our softer gold sample yielded less predictable results at higher applied forces. We suggest initial calibration processes on sample materials would provide insight into achieving a desirable tomography protocol. The greater stability and predictability of etching harder material is encouraging in applying AFM tomography to electronic devices; addressing the issues of etching through softer material should not have a significant impact on neighboring harder layers. Finally, it is important to highlight that there remains an intrinsic variability in processing, even following consideration of the above precautions. Investigation of the applicability of this method to a diversity of sample types is required in order to determine the limits of its reliability.
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